A B S T R A C T Although salt rejection from sea ice is a key process in deep-water formation in ice-covered seas, the concurrent rejection of CO 2 and the subsequent effect on air-sea CO 2 exchange have received little attention. We review the mechanisms by which sea ice directly and indirectly controls the air-sea CO 2 exchange and use recent measurements of inorganic carbon compounds in bulk sea ice to estimate that oceanic CO 2 uptake during the seasonal cycle of sea-ice growth and decay in ice-covered oceanic regions equals almost half of the net atmospheric CO 2 uptake in ice-free polar seas. This sea-ice driven CO 2 uptake has not been considered so far in estimates of global oceanic CO 2 uptake. Net CO 2 uptake in sea-ice-covered oceans can be driven by; (1) rejection during sea-ice formation and sinking of CO 2 -rich brine into intermediate and abyssal oceanic water masses, (2) blocking of air-sea CO 2 exchange during winter, and (3) release of CO 2 -depleted melt water with excess total alkalinity during sea-ice decay and (4) biological CO 2 drawdown during primary production in sea ice and surface oceanic waters.
Introduction
Understanding the CO 2 exchange between atmosphere, ocean and land is crucial since global marine and terrestrial systems currently absorb about half of the CO 2 emitted by fossil-fuel combustion (Sabine et al., 2004) . Although the geographical and seasonal data coverage of CO 2 exchange rates is increasing, large gaps still exist in remote areas, particularly over the oceans (Takahashi et al., 2009) . The role of ice-covered oceans in the CO 2 balance has been largely ignored because continuous sea-ice cover is assumed to impede gaseous exchange with the atmosphere so efficiently that no global models include CO 2 exchange over sea ice (Tison et al., 2002) . Although salt rejection from sea ice has been recognized as an important process leading to deep-water formation and thereby strengthening the deep thermohaline circulation in the world ocean, the implications of the concurrent rejection of total dissolved inorganic carbon ([TCO 2 
] = [CO 2 ] + [HCO 3
− ] + [CO 3 2− ]) for the air-sea CO 2 flux have received little attention. Currently, the TCO 2 and CO 2 flux mechanisms associated with sea ice in polar seas are driven by the aforementioned sea ice-ocean TCO 2 transport (Anderson et al., 2004; Rysgaard et al., 2007; Semiletov et al., 2004) and air-sea CO 2 exchange mediated by biological, physical and chemical changes in sea-ice brines (Jones and Coote, 1981; Gleitz et al., 1995; Tison et al., 2002; Delille et al., 2007; Dieckmann et al., 2008 Dieckmann et al., , 2010 Jones et al., 2010) and in surface oceanic waters (Rysgaard et al., 2009; Jones et al., 2010) . Here, we report a conceptual model on the season-dependent processes by which sea ice controls air-sea CO 2 exchange, and quantify the air-sea flux of CO 2 modulated by sea ice formation and decay.
Results and discussion

Conceptual model of seasonal carbon fluxes in ice-covered seas
The processes driving air-sea gas exchange are active throughout the cycle of sea-ice formation and decay (Fig. 1) . The manner in which these processes impact on gas exchange is largely dependent on the physical controls on ice structure, such as changes in porosity, ultimately a function of bulk sea-ice temperature and salinity (S) (Cox and Weeks, 1983) . As air and surface oceanic temperatures decrease in autumn, sea ice begins to form as a porous ice crystal matrix filled with a hypersaline solution (sea ice brine; S brine > 35) resulting from the rejection of dissolved salts from the ice matrix. As a result of the physical concentration of dissolved salts during sea ice formation, concentrations of TCO 2 and CO 2 as well as other gases in the brine are high (Glud et al., 2002) . At this early stage, the sea ice is still permeable to liquid and gas exchange because of elevated porosity (Weeks and Ackley, 1986; Golden et al., 1998 Golden et al., , 2007 Petrich and Eicken, 2010) . As a consequence, and due to the ice and brine volume contracting on rapid surface cooling, a small fraction of the CO 2 -supersaturated brine is transported upwards through the sea-ice column and expelled onto the ice surface, resulting in a CO 2 efflux to the atmosphere (Nomura et al., 2006; Delille et al., 2007) . However, by far the largest flux of TCO 2 and CO 2 is driven by brine drainage to the under-ice water and subsequent incorporation into intermediate and deep-water masses (Rysgaard et al., 2007; Sejr et al., 2011) . As a result of this process, CO 2 supersaturation has been observed below sea ice in the Arctic Ocean (Kelley, 1967; Semiletov et al., 2004) , and in coastal Antarctic areas (Gibson and Trull, 1999) , while high TCO 2 concentrations have been measured below Arctic sea ice during winter (Anderson et al., 2004; Rysgaard et al., 2007) . Concurrent rejection of TCO 2 and CO 2 has also been documented in experimental ice tank studies (Killawee et al., 1998; Papadimitriou et al., 2003; Rysgaard et al., 2007) . Significant brine transport below the surface layer and contribution The processes driving air-sea gas exchange are active throughout the cycle of sea ice formation and decay. During winter, ice growth results in the rejection of CO 2 along with salts dissolved in seawater from the ice crystal matrix, which gives rise to dense brine that sinks and is incorporated into intermediate and deep water layers. Subsequent sea ice melt during the summer thaw results in the formation of a strong halocline, with surface waters well below atmospheric CO 2 saturation, thus enhancing the uptake of atmospheric CO 2 from the ocean. In addition, primary productivity in both sea ice and water column helps reduce surface-water CO 2 concentrations further, enhancing the air-sea CO 2 flux.
to deep-water formation has been observed in coastal polynyas, where sea ice is formed continuously via increases in bottomwater salinity (Shcherbina et al., 2003; Skogseth et al., 2004) , and via tracer studies on Arctic shelves (Bönisch and Schlosser, 1995) . Dense intermediate water masses formed by brine release from sea ice have been observed in the Okhotsk Sea (Shcherbina et al., 2003) , in Storfjorden on Svalbard (Rudels et al., 2005) , and on the shelves of the Canada Basin (Yamamoto-Kawai et al., 2009) . The above clearly indicates that sea ice formation must drive a flux of TCO 2 and CO 2 to the underlying seawater along with brine generated in the process. Subsequent removal of this amount of TCO 2 from the surface oceanic mixed layer to deeper water masses via sinking of the expelled dense brine, in conjunction with dilution by a mixture of meltwater when sea ice melts later in the year, will both lead to a reduction of surface-water CO 2 (aq) (aqueous form of CO 2 ) and a subsequent increase in the air-sea CO 2 flux. During winter, as sea ice continues to grow, reduced air temperatures cause the brine volumes of surface sea ice to contract and permeability to decrease, effectively stopping air-sea ice gas exchange (Rysgaard et al., 2007; Loose et al., 2011) . Brine volume contraction during winter further increases brine salinity, CO 2 (aq) and supersaturation with respect to a suite of minerals, including several polymorphs of calcium carbonate (CaCO 3 ) (Assur, 1960) , such as ikaite (Dieckmann et al., 2008 (Dieckmann et al., , 2010 . Precipitation of CaCO 3 [Ca
] from the brine lowers total alkalinity (TA) and further increases the concentration of CO 2 (aq) in the brine. The specific conditions promoting CaCO 3 precipitation in sea ice are currently poorly understood, but if precipitation occurs in the porous bottom sea-ice layer, where the brine volume is less than 5% (Weeks and Ackley, 1986; Golden et al., 1998 Golden et al., , 2007 , the CO 2 -enriched brine will exchange with seawater via gravity drainage (Notz and Worster, 2009) . In contrast, the CaCO 3 crystals will potentially remain trapped within the skeletal layer, where they will act as a store of TA, which will become a source of excess TA to the oceanic water upon subsequent mineral dissolution (Rysgaard et al., 2007 (Rysgaard et al., , 2009 Nedashkovsky et al., 2009) . Other potential winter air-sea gas exchange pathways are via sea-ice flooding events (Antarctica) and gas diffusion from the ice matrix and from openings in the ice structure. As temperatures rise during spring and summer, the sea ice melts, resulting in a brine volume expansion and an increase in sea-ice permeability (Cox and Weeks, 1983; Golden et al., 1998) . Increasing porosity enhances the potential for CO 2 exchange between air, sea ice and the underlying oceanic water. Brine initially supersaturated with CO 2 will become a source of CO 2 to the atmosphere. However, rapid brine dilution through internal ice melt will lead to a reduction in the CO 2 (aq) concentration, which can be further enhanced by the increase in TA associated with CaCO 3 dissolution. Such conditions may eventually favour reversion of the CO 2 flux, turning sea ice into a CO 2 sink. Photosynthetic activity by ice algae causes a further, and often extensive, reduction in brine concentrations of TCO 2 and CO 2 (aq) (Gleitz et al., 1995) when light availability increases due to insulation and gradual snow melt (Horner and Schrader, 1982) .
Sea-ice melt leads to stratification of the surface water column and mixing with melt water already low in TCO 2 from biological uptake and excess TA from the internal sea-ice CaCO 3 cycle. The net result will be an increase in TA and a lowering of CO 2 (aq) in the stratified surface waters, enhancing the air-sea CO 2 flux (Rysgaard et al., 2007 (Rysgaard et al., , 2009 ). Evidence of excess TA via sea-ice-derived CaCO 3 dissolution has been observed in the top few hundred metres in Baffin Bay following ice melt (Jones et al., 1983) , in the upper layers of the Arctic Ocean (Rysgaard et al., 2009) , and in coastal areas of East Greenland (Sejr et al., 2011) . Sea ice break-up also enhances light availability in surface waters, which triggers pelagic primary production (Horner and Schrader, 1982; Mikkelsen et al., 2008) , thereby further reducing surface-water CO 2 (aq). Primary production continues throughout the summer, and algal cells sinking from the euphotic zone result in a net export of carbon (biological pump) (Rysgaard et al., 1998 (Rysgaard et al., , 1999 .
At present, it is difficult to distinguish between the respective roles of sea-ice-driven and pelagic productivity-driven air-sea CO 2 exchange on a large scale, but the pelagic biological pump and the sea ice pump have recently been estimated to be of equal size in the northeastern Greenland Sea (Rysgaard et al., 2009 ).
Quantification of the sea ice-water flux of CO 2 in ice-covered seas
By applying our conceptual model outlined above and shown schematically in Fig. 1 , the air-sea CO 2 flux can be determined from recent estimates of seasonal changes in sea ice volume and measured TCO 2 and TA concentrations ( Table 1) . The volume of Arctic sea ice can be estimated at 8480 km 3 based on the seasonal ice cover (Comisio and Nishio, 2008) and an average thickness of 1.06 m (Kwok et al., 2009) . Similarly, the sea-ice volume in the Antarctic is estimated at 9920 km 3 based on seasonal cover (Comisio, 2010) and an average thickness of 0.62 m (Worby et al., 2008) . The bulk salinity and TCO 2 and TA concentrations (per kilogram of melted sea ice) representative of Arctic sea ice are estimated at 4.0, 300 μmol kg −1 , and 540 μmol kg −1 , respectively (Rysgaard et al., 2009) , while the equivalent estimates representative of Antarctic sea ice are, 6.0, 480 μmol kg −1 and 864 μmol kg −1 , respectively, based on the relationship of TCO 2 and TA to bulk sea-ice salinity in the Arctic (above refs) and the bulk salinity distribution in Antarctic sea ice (Rysgaard et al., 2009; Jones et al., 2010 Open water polar oceans −154 Tg C yr −1 −45 Tg C yr −1 −199 Tg C yr −1 CO 2 air-sea flux (Takahashi et al. 2009) (90 • N to 62 • N) (50 • S to 90 • S) Sea ice CO 2 pump in% of total net uptake (Takahashi et al. 2009) 17-42% f a Based on seasonal ice cover in the Arctic (Comisio and Nishio, 2008) with an average thickness of 1.06 m (Kwok et al., 2009 ) and seasonal ice cover in the Antarctic (Comisio, 2010) with an average thickness of 0.62 m (Worby et al., 2008 (Eicken, 1992; Jones et al., 2010) . Using the above data as initial conditions of the surface oceanic water mass from which sea ice is formed upon freezing (assuming that sea ice is only formed once) an estimate of the gross TCO 2 rejection flux via brine generation and rejection from sea ice to the underlying oceanic water can be computed. In the Arctic ocean, the total TCO 2 stored in the annually produced sea ice then corresponds to 27.5 Tg C whereas the TCO 2 in the surface water from which the sea ice was formed contained 165.8 Tg C. The difference corresponds to an annual flux of 138 Tg C yr −1 occurring in the Arctic between surface water and sea ice. Together with the corresponding gross fluxes around Antarctica of 186 Tg C yr
this yields a global ocean-sea ice gross flux of 324 Tg C yr −1 (Table 1) . On larger time scales, the accumulated fluxes become significant and underline the importance of sea ice formation in the oceanic carbon cycle and its potential for long-term control of atmospheric CO 2 levels.
Estimates of the air-sea flux of CO 2 in ice-covered seas
Transport of TCO 2 with rejected brine to below the surface mixed oceanic layer during sea ice formation, and subsequent melting of sea ice during the summer thaw may, in combination, result in under-saturated CO 2 conditions in surface waters relative to the atmosphere, driving a net air-sea CO 2 flux. An upper bound on the increased air-sea CO 2 flux under these conditions can be estimated by considering the mass balance in a well mixed surface layer with a constant depth. This simple mixed layer model does not explicitly account for the seasonal changes in mixed layer depth, heat content and concentrations of salinity and dissolved inorganic carbon substances. However, the model quantifies the expected perturbation of the air-sea CO 2 flux, which can be ascribed to the sea ice-ocean transport of TCO 2 and alkalinity. The amount of brine transported away from the sea ice formation region is a critical process, but we do not have enough data to constrain this export on a global scale. An upper bound on the influence on the air-sea CO 2 flux can be set by assuming that all brine is exported out of the mixed layer, and neglecting the relatively small volume of brine compared to the mixed layer volume (Rysgaard et al., 2007) . Also, we assume that lowering of the surface CO 2 (aq) due to the sea ice melt will result in an excess atmospheric CO 2 flux until the mixed layer CO 2 (aq) concentration returns to its initial value. This implies that the surface layer is exposed for sufficient time (∼months) such that the mixed layer can equilibrate with the atmosphere. The mixed layer is assumed to have a depth (δ ML ) of 50 m and we apply representative values of the initial mixed layer concentrations (ϕ 0 ) of temperature, salinity, TCO 2 and TA before sea ice is formed. Brine rejection decreases the sea ice concentrations (ϕ ice ) of salinity, TCO 2 and TA, and the amount of brine transported out of the surface mixed layer therefore determines the mixed layer concentrations when sea ice melts (ϕ ML ). The mixed layer concentrations after sea ice has melted can then be determined from the maximum sea ice thickness during winter (δ ice )
Due to the relatively low TCO 2 concentration in the sea ice, the resultant surface CO 2 (aq) is undersaturated compared to the initial CO 2 (aq) level before sea ice was formed. The amount of additional TCO 2 required to obtain the initial mixed layer CO 2 (aq) concentration is determined, and this amount of TCO 2 therefore corresponds to a potential increase in air-sea CO 2 exchange due to the larger air-sea pCO 2 difference. Surface pCO 2 is calculated from the temperature and salinity-dependent solubility and dissociation constants of seawater (Zeebe and Wolf-Gladrow, 2001 ).
To determine the magnitude of this air-sea CO 2 flux, two calculations can be done, one assuming no CaCO 3 crystal formation in sea ice (TA : TCO 2 = 1.06 as in surface seawater), and one assuming CaCO 3 crystal formation in sea ice (TA : TCO 2 = 1.8, representing conditions of melted sea ice in the Fram Strait; Rysgaard et al., 2009 ). In the first scenario, melting of a total of 18 400 km 3 of sea ice in the Arctic and Antarctic will dilute surface-water CO 2 , resulting in a downward net air-sea CO 2 flux of -33 Tg C yr −1 following equilibrium with the atmosphere (atmospheric pCO 2 = 387 ppm). In the second scenario, the net downward air-sea flux will increase to -83 Tg C yr Table 1 ). This estimate contrasts strongly with the perception that sea ice acts solely as a lid, sealing off air-sea gas exchange. Furthermore, our estimates of the air-sea CO 2 fluxes in the Arctic Ocean as a result of sea ice melt are equivalent to 11-26% of the net air-sea CO 2 flux presented by Arrigo et al., (2010) , 22-49% of the CO 2 uptake capacity of the winter mixed layer in the Arctic Ocean (Jutterström and Anderson, 2010) , and 32-70% of the estimated wintertime air-sea CO 2 flux for the central arctic polynyas and seasonally ice-covered arctic regions (Omar et al., 2005) . More detailed data on other estimates of the air-sea CO 2 exchange in the Arctic Ocean have been compiled by Bates and Mathis (2009) . The above estimates are only based on overall changes in sea ice cover and not total sea ice production. The latter is larger than the former, because, from late autumn to early spring, sea ice is formed continuously in polynyas (Zhang, 2007) and is exported farther afield where it eventually melts. Model studies of ocean circulation below Antarctic sea ice show a large potential for continuous melting and freezing of sea ice during winter (Zhang, 2007) . Model-derived quantification of annual mean changes in sea ice volume of 20 000 km 3 and 14 000 km 3 for the Arctic and Antarctic (McLaren et al., 2006) , respectively, are significantly higher than estimates based on observed sea ice cover (cf. Table 1 ). Using these values would increase our estimates of net CO 2 air-sea exchange accordingly. It is noted that these modelled seasonal sea ice volumes based on sea ice production will cause the strongest air-sea CO 2 uptake flux to occur in the Arctic.
Priorities for future research
As the CO 2 transport mechanism outlined above is linked to the sea ice formation and decay cycle, future changes in global sea ice cover will affect the capacity of the polar seas for taking up atmospheric CO 2 . To increase the accuracy of the estimate of the influence of sea ice on air-sea CO 2 exchange, more core data of parameters of the CO 2 system are needed from various types and concentrations of sea ice, for example, compact ice, consolidated ice and pack ice in all its different forms (close pack ice to open pack ice). The link between total sea ice production and melting (by volume) and the rejection of TCO 2 and the resultant air-sea CO 2 exchange in both polar seas merits dedicated investigation. In addition, more information is needed on the regional differences in TCO 2 rejection and its fate in the water column in various parts of the ocean at high latitudes in both hemispheres. Available measurements and estimated air-sea CO 2 fluxes suggest substantial variability in the Arctic Ocean (Fransson et al., 2009; Jutterström and Anderson, 2010; Arrigo et al., 2010; Cai et al., 2010; Mucci et al., 2010) . The proportion of TCO 2 rejected along with brine during sea ice formation that enters the intermediate and deep water masses, as well as its trajectory and residence time there, are all key to the central concept presented here and warrant further research. A recent study with an intermediate complexity global carbon cycle model of the impact on the glacial atmospheric CO 2 conditions of the formation and rapid sinking of brines away from the surface of the ocean, showed that this brine mechanism could account for a significant decrease in atmospheric pCO 2 during glacial times and may even contribute to the glacial-interglacial change (Bouttes et al. 2010) .
Ultimately, the importance of the sea ice carbon pump versus the solubility pump and biological carbon pump described here will be established only through such studies. It has been shown that reduced sea ice cover will facilitate an increase in primary production in the Arctic (Rysgaard et al. 1999; Arrigo et al., 2008) . The importance of the biological carbon pump may therefore be expected to increase as sea ice cover is reduced. By contrast, it has been suggested recently that rapid CO 2 invasion from the atmosphere can act as a barrier to a continuous atmospheric CO 2 uptake by the Arctic Ocean, such that the Arctic Ocean basin will not become a large atmospheric CO 2 sink under ice free conditions (Cai et al., 2010) . Changes in water mass distributions in the upper Arctic Ocean may also increase sea ice melting in a future warmer climate (Martinson and Steele, 2001 ) and thereby increase the influence from melting sea ice on CO 2 (aq) levels in the surface water.
Another unknown factor is the function of polynya areas relative to the air-sea CO 2 flux. In polynya areas there is contact between water and air but at present we know too little of the mechanisms controlling this air-sea gas exchange. The underice mixed waters in the seasonal ice zone in the Southern Ocean may in many places exceed atmospheric values (Takahashi et al., 2009 ) and could be a CO 2 source if exposed to the air. As stated above the mechanism behind this exchange is not well understood and we lack data. It may even be likely, considering the relatively long equilibration time of CO 2 in the surface layer, that a polynya acts as a downward vertical transport mechanism to remove CO 2 (aq) rejected from sea ice away from the surface layer (down) by horizontal transport of CO 2 (aq) rich water from ice covered regions into the polynya area. Hence, the polynia can act as an accelerator of the downward CO 2 flux. There will be a small flux into the air but much lower than the downward flux in the sea. At the same time, sea ice containing low bulk concentrations of CO 2 (aq) and high alkalinity, is being produced and continuously removed from the area. When this sea ice melts during spring it will lower CO 2 concentrations in surface waters compared with the atmosphere. This will ensure a net CO 2 flux into the sea over the entire year.
Finally, given the vast area of sea ice-covered seas, their variety in terms of geography and the gaps in data sets of the parameters of the CO 2 system in these remote areas, further research on the sea ice-driven CO 2 transport is urgently needed as high latitude areas continue to warm.
Conclusion
A review has been presented of mechanisms by which sea ice directly and indirectly controls the air-sea CO 2 exchange. The processes driving air-sea gas exchange are active throughout the cycle of sea ice formation and decay. During winter, ice growth results in the rejection of CO 2 along with salts dissolved in seawater from the ice crystal matrix, which gives rise to dense brine that sinks and is incorporated into intermediate and deep water layers. Subsequent sea ice melt during the summer thaw results in the formation of a strong halocline, with surface waters well below atmospheric CO 2 saturation, thus enhancing the uptake of atmospheric CO 2 from the ocean. In addition, primary productivity in both sea ice and water column helps reduce surface-water CO 2 concentrations further, enhancing the air-sea CO 2 flux. We estimate that the gross TCO 2 rejection flux via brine generation and rejection from sea ice to the underlying oceanic water is 324 Tg C yr −1 , with 138 Tg C yr −1 occurring in the Arctic and 186
Tg C yr −1 in the Antarctic. Assuming that the rejected CO 2 from sea ice is exported below the mixed layer, an upper estimate of the air-sea CO 2 flux following melting of 18 400 km 3 of sea ice in the Arctic and Antarctic, with and without CaCO 3 crystal formation in sea ice, will result in an air-sea CO 2 flux of -83 Tg C yr −1 and -33 Tg C yr −1 , respectively. These fluxes are equivalent to 17-42% of the air-sea CO 2 flux in open oceanic water at high latitudes (>62 • N and >50
• S) and contrast strongly with the perception that sea ice acts solely as a lid, sealing off air-sea gas exchange.
Acknowledgments
